1

Introduction
Understanding and managing the potential for impacts of pesticides on the aquatic environment 4 relies on a comparison between estimated exposure concentrations in water bodies (primarily field- 5 edge systems comprising ditches, ponds and streams; FOCUS, 2002) and endpoints from a series of 6 ecotoxicity tests. A significant amount is known about fate of pesticides applied to fields (e.g. Flury, 7 1996; Wauchope, 1996) and monitoring data at the catchment level indicate presence of certain 8 pesticides in large water bodies (e.g. IFEN, 2002; Environment Agency, 2003) . There is a clear need 9 to understand and simulate behaviour of pesticides at the linking scale of small, field-edge water 10 bodies. Indeed, the agricultural landscape as a cohesive unit comprising one or several farms is 11 increasingly the scale of relevance for managing the way that pesticides are used. 12 Pesticide fate models that are currently available and could be considered for application in 13 simulation of small catchments can be divided into three groups (Table 1 ). The RIVWQ model 14 (Williams et al., 1999) is an example of a field-scale model applied at the catchment level. The tool 15 links multiple unit-area simulations of the PRZM model (Carsel et al., 2000) to account for variations 16 in land use, soil and weather across a watershed and an advection-dispersion model to address 17 chemical fate and transport in the receiving water. The models that incorporate flow routing to and 18 within surface water and have the flexibility to represent spatial heterogeneity in properties across the 19 catchment are better matched to the task. There are large differences in purpose, scale, complexity and 20 process descriptions. 21 The SWAT (Soil and Water Assessment Tool) model has been developed by USDA to assess the 22 effect of management decisions on water, sediment, nutrient and pesticide yields in large river basins. 23 (Arnold et al., 1998) . SWAT is a physically-based, spatially-related model that compiles information 24 about weather, soil properties, topography, natural vegetation, and cropping practices within a 25 customised ArcView Interface. Sub-basins are divided into hydrologic response units that are 26 unconnected units with the same landuse and soil. Algorithms governing movement of soluble and 27 sorbed forms of pesticide from land areas to the stream network were taken from EPIC (Williams, 28 1995). SWAT incorporates a simple mass balance developed by Chapra (1997) to model the 29 comparing simulations of frequency of detections, maximum concentrations and time series of 23 exposure versus monitoring data for 29 catchments of varying character and size (Brown et al., 2002) . 24 Routine use of catchment models for assessment and management of pesticides requires a tool that 25 is both comprehensive in being able to address all major routes of entry of pesticides into surface 26 water (spray drift, surface runoff and drainage) and that has reasonable parameter requirements. 27 MIKE-SHE is the most comprehensive model available at present, but it can only be applied following 1 calibration against data from detailed monitoring programmes. Other models have mainly been 2 derived in the United States and focus primarily on transport of pesticides in surface runoff. This paper 3 presents a new model, SPIDER (Simulating Pesticides In Ditches to assess Ecological Risk) that was 4 developed to address a gap in the available models. The aims for the model were to (a) account for 5 pesticide entry into surface waters via the most important pathways with particular attention to entry 6 via subsurface drains, (b) capture spatial variability within small catchments, (c) restrict the 7 parameters as far as possible to those that can be easily measured or estimated, and (d) operate on a 8 time-step that would capture transient peaks in concentration in surface water. A companion paper 9 (Renaud and Brown, submitted) benchmarks the field transport component against the dual-porosity 10 model MACRO which has been widely applied in simulating transport of pesticide through soil. 11 12 2. Model description 13 14 
Conceptualisation
15
16
SPIDER is a research model that is locally distributed whereby the landscape is divided into a 17 series of fields and ditch/stream segments. Computations are carried on an hourly time step. SPIDER 18 is conceptualised for landscapes with high densities of ditches with a majority of the fields being 19 drained and for wet-winter conditions such as those found in northern Europe. Ditches and streams are 20 hydrologically connected to fields and receive pesticides dissolved in water originating from the fields 21 via runoff, interlayer flow or drainflow. They can also receive pesticides directly via spray drift. Water 22 and pesticides are then routed through the series of ditches and stream segments to the outlet of the 23 catchment. SPIDER is intended to simulate pesticide concentrations in catchments of up to 10 km 2 ; 24 this limitation is a practical constraint rather than a computational one.
25
The model has two major modules. The first relates to processes taking place in the fields. In this 26 part, movement and fate of water and pesticides is simulated in crops (if present) and in the soil. The 27 soil profile is automatically divided into layers of no more than 10 cm thickness and computations are 28 carried out in sequence in each layer. In addition, the A horizon is subdivided into a 2-cm thick The factor K  accounts for any water stresses the crop is subjected to. This coefficient typically 23 varies between 0.3 and 1.0, the latter value reflecting no water stress. It is calculated with (Allen et al., 24 1998):
where TAW is the total available water in the root zone (mm),  fc is the soil water at field capacity 4 (mm),  pwp is the soil water content at permanent wilting point (mm),  i is the initial water content at 5 the beginning of the simulation time step (mm), D r is the root zone depletion (mm), p is the fraction of 6 TAW that a crop can extract from the root zone without suffering a water stress (set at 0. water in the soil, significant amounts of water can be removed from the horizons below the A-horizon. 17 During dry spells, these horizons can dry faster than the A-horizon (which can be re-wetted by small 18 rainfall events) which is an unwanted artefact of our original conceptualisation. To limit this problem, 19 SPIDER will remove water from the A-horizon only once two or more layers below the A-horizon 20 reach permanent wilting point.
21
SPIDER assumes that ditches and streams lose water to the atmosphere via evaporation at a rate 22 that equals ET r multiplied by a pan coefficient (currently fixed at 0.75). The pesticide mass balance (in mg) in the crop canopy is given by:
where PLcan is the pesticide load on the canopy, Spray is the load intercepted by the crop canopy Field observations have shown that soil temperatures oscillate quasi-symmetrically around an 23 average temperature (Wu and Nofziger, 1999) . A sinusoidal equation was adopted in SPIDER to 24 account for both the annual and diurnal variations of soil temperature (see Hillel, 1998):
where T(z,t) is the temperature at depth z and time t (C), T av , y is the annual average temperature at the 5 soil surface, Amp is the temperature amplitude at the soil surface (C), dd is the damping depth at 6 which the temperature decreases to the fraction 1/e (mm),  is the radial frequency and is 2/24 for 7 the daily cycle and 2/365 for the annual cycle (h -1 or d -1 ),  is the phase constant, the subscripts d and 8 y refer to daily or annual,  is the soil thermal diffusivity (mm 2 h -1 ) and t 0 is the time of day or time of 9 year when the average temperature occurs. 10 11 Thermal diffusivity is the ratio between the thermal conductivity and the volumetric heat capacity 12 (Hillel, 1998):
where  is in m 2 s -1 ,  fc is the depth of water at field capacity (mm), z is the thickness of the soil layer 19 (mm), K is the thermal conductivity (J m -1 s -1 K -1 ), f is the fraction of each constituent (-), R is the ratio 20 of each constituent relative to the water phase (-), C is the specific heat of the constituent (J m -3 K -1 ), 21 and the subscript a, c, q, and om stand for air, clay, quartz and organic matter, respectively. The points (including the layer boundaries) and an average soil temperature is determined for each layer. 5 One difficulty of the above soil temperature equation is to determine the daily and annual values of t 0 . 6 An estimate of t 0 can be obtained by looking at daily and annual soil surface (or air) temperature 7 fluctuations. 
25
 Saturation ( sat ):  cannot exceed  sat . 26 For each soil layer the water balance (in mm) is given by:
where  is the soil water content, R soil is the depth of rainfall reaching the soil surface, Irr is irrigation 2 reaching the soil surface, ET a is the actual evapotranspiration from the soil surface, P is percolation, 3 LM is lateral movement, D is drainage, and Ru is runoff. LM, D and Ru are mutually exclusive in 4 SPIDER, meaning that the surface soil layer can only generate runoff, the soil layer containing the 5 drains can only generate drainflow, and all other layers can only generate lateral flow. Rainfall patterns in northern Europe are characterised by low-intensity long-duration events, so the 18 treatment of infiltration was kept simple: within an hourly time step all the rainfall is assumed to 19 infiltrate the mixing layer. Any water in excess of field capacity within this layer is transmitted to the 20 next layer. However if after vertical transfer of water to the next layer  >  sat then runoff is generated. Runoff is generated in two ways. First, when rainfall intensity exceeds the saturated hydraulic 25 conductivity of the soil (K s ):
Second, when rain falls on an already saturated soil and after having accounted for percolation 2 (particularly active in undrained fields):
where  sat is the saturated water content (mm). Percolation is handled differently depending on the position in the soil profile. This is done to 9 allow preferential flow in the region above drains and to control the lower boundary condition. For 10 horizons above the drained layer, it is assumed that water in excess of  macro moves at a rate equal to 11 the saturated hydraulic conductivity. Therefore when  >  macro :
where P 1 is the amount of water percolating at this stage of computation (mm), and K S is the saturated 14 hydraulic conductivity of the layer (mm h -1 ). To determine  macro the modeller needs to input a tension 15 value (< tension at field capacity) that characterises the state when macropores are empty. A rough 16 guideline for  macro is the water content at -1 kPa. 17 If at this stage of the computation P 1 < K S , more water is allowed to percolate. As soil hydraulic where TimeInt is the length of the time interval (h) and NbInt is the number of intervals required. For 2 each one of these intervals the updated  is used to calculate an unsaturated hydraulic conductivity, 3 which is used for the next interval:
where K u is the unsaturated hydraulic conductivity (mm h -1
). The computation for P 2 is repeated NbInt 6 times or terminated when  =  fc , whichever comes first. At the end of each computation, P 2 is updated 7 with the amount of percolation that was just calculated:
The percolation for the 1-h time interval is P = P 1 + P 2 .
10
If at the start of the computation the macropores were empty ( <  macro ) but  >  fc , percolation is 11 calculated with TimeAv set to 1 h and NbInt = 10. The methodology reported above is then followed. 12 Calculations of water percolation in the layers below the drained layer are simplified. The initial 13 soil water content is first used to calculate K u . Percolation is then computed with:
Finally, the modeller specifies a groundwater recharge value and if  >  fc in the deepest layer of 16 the soil profile, that recharge value is the maximum rate of vertical water movement out of the profile. 17 Water lost as recharge is currently assumed to leave the system and does not feed into the ditches at a 18 later stage. One of two conditions is required for drainflow to be generated. First, when the layer below the 19 drained horizon is saturated and  >  fc in the drained horizon or secondly, when a perched water table 20 is formed in the drained horizon. For the first case, drainage depth is determined by:
with    sat . Considering the second case, a perched water table is formed when  >  fc . The 1 proportion of saturated soil is first calculated (the rest of the horizon being kept at field capacity) and 2 once the saturated layer exceeds an arbitrarily defined threshold, drainflow is generated:
where DS is the thickness of the saturated layer (mm),  v are the volumetric water contents of the soil 6 (mm 3 mm -3 ), the subscript fc and sat stand for field capacity and saturation, and drainflow is generated the drained horizon and this brings  above field capacity, then more drainage can be generated. 10 However, the total drainage cannot exceed K s . is:
where PestL is the pesticide load in the layer, IL are any inputs to the layer via application, spray drift, 19 leaf washoff, or percolation from a layer above, PL is the pesticide load transmitted via percolation, 20 SDL is the amount of pesticide lost via degradation, RL is the pesticide load in runoff, DrL is the 21 pesticide load in drainage, and LML is the pesticide load in lateral flow. 22 The first step to calculate pesticide concentration in soil and water is to determine the volume of The pesticide input to the soil layer is given by: 3 Mixing layer:
All other layers:
where PL i are inputs other than direct application (e.g. pesticide washoff from leaves in mg), 6 Pest_Appl is the pesticide application rate corrected for interception (kg ha -1 ), SA is the surface area of 7 the field (m 2 ) and the factor '100' is used to convert units. 8 Once the pesticide load in the soil layer is known, the pesticide concentration in water is , N is the Freundlich exponent (-), SW is the volume of water in the layer (L), and SM is the 13 mass of soil solids in the soil layer (kg). In the model, k f is calculated from k oc and organic carbon 14 content values provided by the modeller. This is not a fixed requirement, giving the user the flexibility 15 to include influences on sorption of soil characteristics other than organic carbon. 16 A different computation scheme is followed in regions where preferential flow takes place. When 17 calculating pesticide concentration in layer n, SPIDER first compares the volume of macropore water 18 received by layer n from layer n-1 and the volume of macropore water leaving layer n (P ma ). There are 19 two possible situations: 20  First, P ma(n) ≥ P ma(n-1) . In this case, water and pesticide are transmitted from the soil matrix of 21 layer n to the macropore domain of layer n. This movement of water also transfers pesticide 22 from one domain to the other.
23
 Second, P ma(n) < P ma(n-1) . The reverse of the above takes place, i.e. water and pesticide is 24 moved from the macropore domain to the soil matrix.
After transferring water and pesticide between the two domains, PC w is computed separately in the 1 two pore regions of the layer. The amount of soil available for interaction with pesticides in the two 2 flow domains is given by:
where f ma is the fraction of the total sorption capacity of the soil that is associated with macropores (-), 5 and the subscripts ma and mi stand for macro and micropore, respectively. 6 Finally, pesticide transmitted via micropore flow in the drain layer is added to the layer but 7 pesticide originating from macropore flow is directed straight to the drain and does not interact with 8 the soil matrix. The amount of pesticide lost from each layer is calculated for each hydrological route 9 (i.e. percolation plus runoff, interlayer flow or drainflow). It is assumed that in the mixing layer, 10 pesticide is homogeneously mixed with the soil. However, the pesticide load moving via percolation to 11 the next layer is split into pesticide moving via preferential flow and pesticide moving via matrix flow. 12 This is done proportionate to the respective amounts of water flowing in these two domains. 13 Pesticide degradation follows first-order kinetics: The water balance in each ditch segment is given by (all in m 3 ):
where V is the volume of water in the ditch, DR is the volume of rain falling on the ditch, WI 12 represents the inputs of water to the ditch from the fields or other ditch segments, BF is baseflow, E is 
with C 0 + C 1 + C 2 = 1. As the equation is solved using finite difference, numerical stability must be 19 satisfied and the time increment needs to be selected so that 2Kx < t < 2K(1-x). This is done Flow can be routed in the ditch once K m and x are determined but the computation time (CT) has to 4 be within the range 2KX < CT < 2K(1-X). If this is not the case the ditch has to be segmented and a 5 new K m computed. SPIDER computes K m and CT for every ditch, then selects the shortest CT and uses 6 that value to route water in all ditches. In a landscape with ditches of different sizes, the selected CT is 7 unlikely to respect the numerical criteria above for every ditch. Some ditches may therefore need to be 8 segmented until the selected CT can be applied to them. This is done automatically in SPIDER. The 9 characteristics of each new segment are identical to those of the original ditch with the exceptions of 10 (1) ditch length, (2) ditch K m , and (3) the number of the ditches and fields it is associated with in the 11 landscape. Water routing in the ditches is carried out in sequence, starting with the upstream segments. 12 An artificial time delay is added to prevent water from the first ditch reaching the outlet of the where VH is the margin vegetation height (m) with a default value of 0.1 m (no interception). 17 Finally, the angle of incidence between the wind direction and the ditch is calculated.
18
Computations for spray drift generally assume that wind direction is perpendicular to the field. This is 19 seldom the case in a natural setting so an additional factor is added. A simple ratio of the angle of 20 incidence to 90 (right angle) is calculated. Final spray drift is:
where D f is the final percent drift entering the water body (%) and CA is an angle correction factor (-). 23 Total pesticide load to the ditch is given by:
where SDL sd is the pesticide load due to spray drift (mg), A r is the pesticide application rate (kg ha -1 ), 1 and DL and DW are ditch length and ditch width, respectively (m). Pesticide fate in ditches is determined after hydrological routing has been carried out and is 6 computed at the same time step used for routing. The pesticide mass balance is given by (all in mg):
where DPTL is the total pesticide load in the ditch which comprises pesticide in water and pesticide in 9 sediment, DPI is the pesticide input to the ditch, DPO is the amount of pesticide transmitted to the 10 next ditch segment or reaching the catchment outlet, DPD is degradation, DPL is percolation and t is a 
